We present a study of the structural and scaling properties of the gas distributions in the intracluster medium (ICM) of 31 nearby (z < 0.2) clusters observed with XMM-Newton, which together comprise the Representative XMM-Newton Cluster Structure Survey (REXCESS). In contrast to previous studies, this sample is unbiased with respect to X-ray surface brightness and cluster dynamical state, and it fully samples the cluster X-ray luminosity function. The clusters cover a temperature range of 2.0 -8.5 keV and possess a variety of morphologies. The sampling strategy allows us to compare clusters with a wide range of central cooling times on an equal footing. We applied a recently developed technique for the deprojection and PSF-deconvolution of X-ray surface brightness profiles to obtain non-parametric gas-density profiles out to distances ranging between 0.8R 500 and 1.5R 500 . We scaled the gas density distributions to allow for the systems' differing masses and redshifts. The central gas densities differ greatly from system to system, with no clear correlation with system temperature. At intermediate radii (∼ 0.3R 500 ), the scaled density profiles show much less scatter, with a clear dependence on system temperature. We find that the density at this radius scales proportionally to the square root of temperature, consistent with the presence of an entropy excess as suggested in previous literature. However, at larger scaled radii this dependence becomes weaker: clusters with kT > 3 keV scale self-similarly, with no temperature dependence of gas-density normalisation. The REXCESS sample allows us to investigate the correlations between cluster properties and dynamical state. We find no evidence of correlations between cluster dynamical state and either the gas density slope in the inner regions or temperature, but do find some evidence of a correlation between dynamical state and outer gas density slope. We also find a weak correlation between dynamical state and both central gas normalisation and inner cooling times, but this is only significant at the 10% level. We conclude that, for the X-ray cluster population as a whole, both the central gas properties and the angle-averaged, large-scale gas properties are linked to the cluster dynamical state. We also investigate the central cooling times of the clusters. While the cooling times span a wide range, we find no evidence of a significant bimodality in the distributions of central density, density gradient, or cooling time. Finally, we present the gas mass-temperature relation for the REXCESS sample, finding that h(z)M gas ∝ T 1.99±0.11 , which is consistent with the expectation of self-similar scaling modified by the presence of an entropy excess in the inner regions of the cluster and consistent with earlier work on relaxed cluster samples. We measure a logarithmic intrinsic scatter in this relation of ∼ 10%, which should be a good measure of the intrinsic scatter in the M gas -T relation for the cluster population as a whole.
Introduction
The X-ray emitting gas in galaxy clusters contains the signatures of important evolutionary processes such as mergers, AGN activity, galaxy interactions and tidal stripping. The impact of gas physical processes on the observable X-ray properties of galaxy clusters must be fully understood in order to use galaxy clusters to test the predictions of structure formation models, and to understand the relationship between AGN activity, galaxy evolution and the evolution of large-scale structure. The global scaling relations between cluster observables such as X-ray luminosity/temperature and cluster mass must be well constrained in the Send offprint requests to: J.H. Croston local Universe so that cluster evolution to high redshifts can be investigated; this is not possible without a good understanding of the processes that lead to the observed scatter in these relationships.
Since the first evidence that the gas and dark matter content of galaxy clusters does not scale according to the simplest selfsimilar predictions (e.g. Edge & Stewart 1991; Arnaud & Evrard 1999) , non-gravitational heating processes have been thought to play an important role in determining the X-ray properties of galaxy clusters. Recent results have shown that the dark matter component of galaxy clusters does scale self-similarly, in good agreement with theoretical predictions (e.g. Pointecouteau et al. 2005 ; Vikhlinin et al. 2006 ). It has also been shown that the departure of the observed L X /T X relation from theoretical predic-tions is due to increased entropy in cluster gas (e.g. Ponman et al. 2003; . A combination of radiative cooling and feedback processes associated with galaxy formation, either from galaxy winds or AGN activity associated with central supermassive black holes, is the most widely accepted explanation for these results (e.g. Voit 2005) . Cluster mergers are also expected to have an important effect on their observed X-ray properties: for example, simulations have shown that cluster merger processes are likely to have an important effect on the L X /T X relation (Rowley et al. 2004) , although cooling and heating processes in the inner regions may be the dominant source of scatter (O'Hara et al. 2006 ).
Radial surface brightness profiles and gas density profiles have been the key means of obtaining information about the structure and scaling properties of the intracluster medium (ICM) since the advent of X-ray imaging of clusters, providing an essential tool to enable study of three-dimensional gas distributions, and, together with temperature, the study of the gas entropy distributions and the total mass profiles via the assumption of hydrostatic equilibrium. ROSAT studies (e.g. Neumann & Arnaud 1999) suggested that a β model was an adequate parametrization of the X-ray surface brightness distribution outside the core region in galaxy clusters, with clear evidence for self-similarity, but a large dispersion in the central regions. The core regions of clusters are now much better resolved with XMM-Newton and Chandra, and more complex models are required to fit their surface brightness profiles (e.g. Pratt & Arnaud 2002; Pointecouteau et al. 2004; Vikhlinin et al. 2006) . There is also some evidence that the slope of the gas density profile may steepen at large radii in some clusters (e.g. Viklinin et al. 1999; Neumann 2005; Vikhlinin et al. 2006) . Constraints on the radial distribution of hot gas in the galaxy cluster population are crucial both for accurate estimation of total cluster masses and for studies of gas entropy. Spherically symmetric methods for constraining the gas distributions of galaxy clusters have obvious limitations when applied to samples that are not selected for regularity; however, as a straightforward method that is easy to apply to both observations and simulations, they remain an essential tool for studying cluster properties in three dimensions.
In this paper we examine the gas distributions in 31 clusters drawn from the Representative XMM-Newton Cluster Structure Survey (REXCESS). Full details of the sample selection function can be found in Böhringer et al. (2007) . To achieve a statistically well-defined sample which fully samples the X-ray luminosity function and is unbiased with respect to dynamical state, a sample of 33 clusters was constructed from the REFLEX catalogue (Böhringer et al. 2004 ) based on the following criteria: redshift z < 0.2; close to homogeneous coverage of luminosity space; kT > 2.0 keV; detectable with XMM-Newton to a radius of ∼ R 500 ; and distances selected to optimise the extent of the cluster within the XMM-Newton field-of-view. In addition, a firm detection of more than 30 photons in the original RASS detection, and a low column density towards the source were also required. Observations of the full sample of 31 clusters plus 2 archive observations have now been completed. The analysis presented here consists of the 31 clusters for which it is reasonable to carry out a 1-dimensional analysis. We exclude the clusters RXCJ2152−1942 (Abell 2384B) and RXCJ0956−1004 (Abell 901/902) which are highly irregular/multiple cluster systems and hence cannot be analysed in this way.
Throughout this paper we adopt a ΛCDM cosmology with H 0 = 70 km s −1 Mpc −1 , Ω M = 0.3 and Ω Λ = 0.7.
Data analysis
2.1. Data preparation Table 1 lists the global properties of the cluster sample and the details of the XMM-Newton observations. Observations were retrieved and reprocessed with the XMM-Newton Science Analysis System (SAS) version 7.0, ensuring up to date calibration across the sample. Data sets were cleaned for flares, PATTERNselected and corrected for vignetting as described in Pratt et al. (2007) . The background used for the present analysis consists of custom event files generated from data taken in Filter Wheel Closed (FWC) mode, which correspond to an accurate representation of the particle and instrumental background present in XMM-Newton observations. These background data sets were cleaned, PATTERN-selected and vignetting corrected as above, then recast to have the same aspect as the observation data files. The background event lists were rescaled to the source quiescent count rate in the [10] [11] [12] and [12] [13] [14] keV range for EMOS and EPN cameras, respectively, by adjusting the WEIGHT column in each background event file. Sources other than the target object were detected in a broad band ([0.3-10 .0] keV) coadded EPIC image using the SAS wavelet detection task ewavdetect, with a detection threshold set at 5σ. After visual screening, detected sources were excluded from the event file for all subsequent analysis.
Surface brightness and gas density profiles
Vignetting-corrected surface brightness profiles were extracted for each camera in the 0.3 -2.0 keV band from source and scaled background event files in 3.
′′ 3 bins out to a radius of 15 ′ . The profiles were centred on the peak in X-ray surface brightness. The background surface brightness profiles were then subtracted, and the background subtracted profiles from the three cameras co-added. No weighting for camera response was applied at this stage. We then applied the second stage of background subtraction to account for the X-ray background. As the REXCESS sample was chosen with specific field-of-view criteria, all of the observations include an outer region which can be used to measure accurately the cosmic X-ray background (CXB) component. The residual background level due to the CXB in the co-added, background subtracted surface brightness profile was determined by a careful visual analysis of the region where the profile flattens due to background domination; the mean level in this region was then calculated and subtracted, and the resulting profile rebinned to a significance of 3σ per bin.
Deprojected, PSF-corrected emission measure profiles were obtained from the surface brightness profiles using the nonparametric method described in Croston et al. (2006) . The response matrices used were obtained using the Ghizzardi et al. (2001) parametrisation of the XMM-Newton PSF, weighted by the contribution of each camera to the combined profile. The profiles were then converted to gas density by calculating a global conversion factor for each profile in XSPEC using the global temperatures listed in Table 1 , which are spectroscopic temperatures estimated in the [0.15 < R < 1] R 500 aperture. A correction factor to take into account radial variations of temperature and abundance was calculated for each radial bin using a parameterisation of the projected temperature and abundance profiles, as detailed in Pratt & Arnaud (2003) 1 . The surface brightness profiles and corresponding gas density profiles for each cluster are Arnaud, Pointecouteau & Pratt (2007) as described in the text, (8) logarithm of gas mass to R 500 determined as described in the text in M ⊙ , (9) inner slope of the gas density profile determined in the region with r < 0.05R 500 , (10) outer slope of the gas density profile determined in the region[0.3 − 0.8]R 500 as defined in the text. presented in the Appendix. The gas density profiles in tabular form are included in the electronic version of this paper.
Results

Global properties of cluster gas density profiles
Fig . 1 shows the 31 cluster gas density profiles superposed to allow an investigation of their global properties. The individual surface brightness profiles (in the energy range 0.3 -2.0 keV) and gas density profiles are given in the Appendix. There is a considerable amount of scatter in the unscaled profiles (top left panel), which is unsurprising. Structure formation models predict that the mean cluster density scales with ρ c (z) and so according to h(z) 2 and predict a universal profile shape when the radial coordinate is scaled according to the cluster mass. We use a scaling radius of R 500 , defined as the radius enclosing a mean overdensity of 500 times the critical density. We therefore expect that gas density profiles scaled by h(z) −2 , and in radial units of r/R 500 should coincide.
The physical distances were converted to scaled radius using the values of R 500 given in Table 1 , which were determined are no significant differences between projected and deprojected abundance.
iteratively as described by Kravtsov et al. (2006) , based on the M 500 − Y X relation of Arnaud, Pointecouteau & Pratt (2007) (see also Maughan et al. 2007) . Here Y X is the product of the gas mass within R 500 and the temperature in the [0.15−1]R 500 region. This approach allows us to determine R 500 directly from the data without first fitting total mass profiles. For self-consistency, we prefer to use a scaling relation determined from XMM-Newton results, rather than relying on results determined from lensing masses, which have large individual uncertainties and are only applicable to the high mass regime, or from simulations that do not yet reproduce all of the observed properties of the cluster population. A comparison between the empirical relation of and the simulated relation of Nagai et al. (2007) shows only a small normalisation offset (< 8%), so that the only difference to our results if the simulated relation were used would be to shift all the profiles in the direction of smaller radii. It would therefore have no effect on any of our conclusions, which are all based on the relative profiles.
The total gas mass to a radius of R 500 was determined for the sample by integrating over the gas density profiles. For profiles where the data does not extend to R 500 (9/31 clusters) we extrapolated the profiles from the outer bin of the density profile (never less than 0.8R 500 ) assuming a power law slope in log space, determined by a fit to the outer four bins. The errors on gas mass were determined by combining in quadrature the errors obtained from Monte Carlo simulation over the statistical errors in the surface brightness profiles and the errors due to the temperature uncertainties.
The scatter in gas density at 0.3R 500 is σ/ n e = 0.265. We then scaled the gas densities according to their expected evolution with redshift: n e ∝ n 0 h(z) 2 (shown in the middle left panel of Fig. 1) , which reduced the scatter at 0.3R 500 to σ/ n e = 0.236. The bottom right panel of Fig. 1 shows the relative dispersion as a function of radius for this scaling (in red), which drops from ∼ 100% in the inner regions to a minimum of ∼ 15% at 0.6R 500 , before increasing slightly in the outer regions.
3.2. Dependence of gas density on temperature Fig. 2 shows the evolution-corrected gas density profiles colourcoded by cluster temperature. At the smallest radii probed by this data, the dispersion in profiles is uncorrelated with temperature (e.g. left hand panel of Fig. 3) . We investigate the origin of this scatter in §4.3. At intermediate radii (∼ 0.3R 500 ), there is a clear systematic bias with system temperature, although this trend becomes weaker again at the maximum radii probed by the data. Fig. 3 also quantifies the relationship between gas density normalisation at a radius of 0.3R 500 and at 0.7R 500 . Results are shown for the redshift-scaled gas density profiles; however, using the unscaled profiles does not significantly alter the result. There is evidence for a correlation in both cases, although the trend is weaker at 0.7R 500 . We obtained a null hypothesis probability < 0.0001 on a Spearman rank test for the comparison at 0.3 R 500 and a higher null hypothesis probability of 0.004 at 0.7 R 500 . We carried out orthogonal linear regression, finding a slope of 0.50 ± 0.08 for the relationship between n e (0.3 R 500 ) and T .
The departure of the density from the simple scaling is best discussed in terms of the radial entropy profiles of the systems. To be consistent with previous work, we define entropy as S = T/n 2/3 e . The observed departure from simple scaling of the entropy-temperature relation for clusters (e.g. Finoguenov et al. 2002 , Ponman et al. 2003 ) implies a temperature dependence of the gas density normalisation such that n e ∝ T 0.525 . This is in excellent agreement with the trend we see at 0.3 R 500 . However, at 0.7 R 500 , the correlation is weaker and we find a flatter slope of 0.25 ± 0.06. It is apparent from the righthand panel of Fig. 3 that the correlation at 0.7R 500 is mainly due to lower densities in the systems below kT ∼ 3.0 keV; at higher temperatures the relation appears to be flat. This suggests that the "entropy excess" may extend to larger scaled radii in cooler systems, consistent with the expectation that non-gravitational processes have a greater effect at the low mass end of the cluster population.
We then scaled the density profiles by T 0.525 (in addition to the redshift scaling discussed above), as shown in the middle right panel of Fig. 1 . As shown in the bottom right panel, the relative dispersion decreases for this scaling (shown in red) out to a radius of ∼ 0.5R 500 , reaching a minimum of σ/ n e = 0.133 at 0.5R 500 . Beyond ∼ 0.5R 500 the relative dispersion for this scaling is slightly higher than for the redshift-evolution-only profiles. This result is consistent with the weaker correlation between gas density and temperature at 0.7R 500 , supporting the conclusion that an entropy excess is likely to be significant in the cluster inner regions only.
Fig. 2.
Gas density distributed scaled according to expected evolution with redshift, and coded by temperature so that blue corresponds to a temperature of ∼ 2.0 keV and red a temperature of ∼ 8 keV.
Radial dependence of density profile slope
We investigated the radial dependence of the density profile slope, defined as the logarithmic gradient of density with radius, and determined from the deprojected profiles, with a binning chosen to correspond to a typical temperature profile for the sample. In Fig. 4 , we present the superposed plots of dlog(n e )/dlog(r) for the cluster sample, colour-coded by temperature in the same way as for Fig. 2 . There is a large scatter at all radii of the profiles, which in many cases are not very smooth. The scatter at a radius of 0.3R 500 is σ/ α = 0.20. It is evident from Fig. 4 that in most cases α appears still to be increasing in the outermost regions (e.g. at a distance of ∼ 0.8 − 1.0R 500 ) in contrast to the power-law behaviour expected for a β-model profile. This is in agreement with earlier work (e.g. Vikhlinin et al. 1999; Neumann 2005) , and has important implications for cluster mass estimates obtained using analytical models. We have fully taken into account systematic uncertainties in the background level in determining the outer slopes: the systematic uncertainty in the background level is typically ∼ 2 − 3%, leading to an uncertainty in outer slope that is negligible compared to the statistical uncertainties on surface brightness. In one case, RXCJ2234.5−3744, the background uncertainty is ∼ 14% due to residual flare contamination, which leads to a ∼ 3% error in the [0.3 − 0.8]R 500 slope. In Fig 4, the mean slope is shown only out to 0.9R 500 , where the effects of systematic uncertainty in the background level are negligible. Our conclusions relating to the gas density gradient are therefore robust.
Parametrization of cluster structure
In order to further investigate the distribution of cluster structure and the dependence of cluster structure on other properties such as gas temperature and dynamical state, we first considered the outer logarithmic slope of the gas density profiles. We chose to use the region of [0.3 − 0.8]R 500 , since, as shown in Fig. 1 and Fig. 4 , all of the profiles have steepened from their inner slopes by 0.3R 500 , and all extend to at least 0.8R 500 . The use of a fixed outer radius minimizes the possibility of bias due to brighter, and hence higher temperature, clusters extending to Fig. 1 . Gas density profiles for the entire sample. Top left: unscaled profiles; top right: profiles of unscaled density with scaled radius; middle left: profiles of density scaled for redshift evolution; middle right: profiles of density scaled according to T 0.525 as implied by modified self-similar S-T scaling; bottom left: density profiles with a representation of the 1-sigma scatter of the sample; bottom right: the relative dispersion (σ/ n e ) as a function of radius for the cluster sample with profiles scaled according to expected evolution with redshift (black) and by T 0.525 (red). Fig. 3 . Plots of gas density normalisation vs. cluster temperature at 0.03R 500 (left), 0.3R 500 (middle) and at 0.7R 500 (right), for the redshift-scaled density profiles. For the latter two cases, lines of best fit obtained as described in the text are overplotted. is hereafter referred to as α 0.3−0.8 , or β 0.3−0.8 when expressed as a β value. We also measured the inner logarithmic slope within 0.05R 500 , before any of the profiles have begun to steepen signif-icantly, which is hereafter referred to as α <0.05 . Both α 0.3−0.8 and α <0.05 were measured by a simple linear least-squares fit in log space over the relevant region. As discussed above, the effects of systematic uncertainties in the background level have been fully taken into account and are less than the statistical uncertainties in nearly all cases.
In Fig. 5 (top) we plot the distribution of β 0.3−0.8 and α <0.05 for the gas density profiles scaled according to expected evolution with redshift. The mean value for α <0.05 is −0.5 ± 0.3, with the large scatter reflecting the range from clusters with central cores to those that are highly peaked (using a fixed inner boundary in scaled radius does not reduce the scatter or significantly alter the mean slope). We are confident that the values of α 0.3−0.8 are unaffected by PSF-correction or resolution issues: in Croston et al. (2006) we showed that the PSF correction is very accurate beyond ∼ 0.05 arcmin, and we find that α 0.3−0.8 is uncorrelated with redshift or angular scale. The mean value of α 0.3−0.8 is −1.80 ± 0.28 (corresponding to β 0.3−0.8 = 0.60 ± 0.10), which is consistent with other studies, e.g. Neumann & Arnaud (1999) , Ota & Mitsuda (2004) , Vikhlinin et al. (2006) . The scatter in α 0.3−0.8 is considerably smaller than for α <0.05 ; however, a few clusters are exceptionally flat in their outer regions (three clusters have β < 0.5). There is no evidence for bimodality in α <0.05 . We also investigated whether α <0.05 and α 0.3−0.8 , the inner and outer slopes, are correlated. As shown in Fig. 6 , no such correlation appears to exist, indicating that in general the dynamical evolution of the angle-averaged gas distribution in the central and outer regions of the clusters are not closely connected.
The REXCESS sample includes clusters with evidence for irregularity, and in some cases the choice of the centre for the profiles is very dependent on the radius used for centroiding (see Section 4.2). We therefore examined the effect of this uncertainty on the structural parameters of the density profiles by considering three of the most irregular clusters, RXCJ2048−1750, RXCJ2129−5048 and RXCJ1516−0056. For each of these clusters, surface brightness profiles were extracted using centroid positions obtained within radii of 0.3, 0.5 and 1.0 times R 500 , which were deprojected in the same way as for the original profiles. We found that the choice of centroid unsurprisingly has an important effect on the measured value of α <0.05 , introducing a scatter of between 40 -67 percent; however, the results for the inner two choices of centroiding region, more appropriate for studying the slope in the inner regions, were in reasonable agreement. The choice of centroid does not appear to introduce significant uncertainty in α 0.3−0.8 : the dispersion between the three cases ranged from 2 -6 percent in these "worst-case" clusters. We comment below on the effect of centroid choice on other results.
Dependence of cluster structure on temperature
In Fig. 7 we plot the inner and outer density slopes (α <0.05 and β 0.3−0.8 ) against the cluster temperature in the region [0.15 − 1]R 500 . β 0.3−0.8 appears to correlate with global temperature. Based on a Spearman rank test, we find a ∼ 2 percent probability that such a correlation could occur by chance. There is no significant correlation between α <0.05 and the global cluster temperature. It is clear from Fig. 4 that the slope does not depend on temperature over most of the radial range. It is only at radii beyond ∼ 0.3R 500 that the slopes of the cooler profiles are preferentially below the mean, with hotter profiles mainly above the mean. Fig. 8 shows the relationship between gas mass and global temperature for the REXCESS sample. Here we use temperature in the [0.15 − 0.75]R 500 region to enable direct comparisons with previous work. We fitted a scaling relation of the form h(z)M gas = C[T X /5keV] γ using two linear regression methods, a weighted least squares method that incorporates an intrinsic scatter term in the errors (WLSS), and BCES, which is an orthogonal method that does not take into account the statistical errors. These methods are discussed in more detail in Pratt et al. (2006) . The results of the fits are given in Table 2 . The slopes and normalisations obtained with the two methods are consistent, and are also in good agreement with those obtained for a smaller sample of relaxed clusters by Arnaud et al. (2007) . The results of our fits and the Arnaud et al. relaxed cluster relation are shown in Fig 8. As shown in Table 2 , the intrinsic logarithmic scatter for the REXCESS sample is a factor of 2.5 times higher than for the Arnaud et al. (2007) relaxed cluster sample. This is likely to arise as a result of the wider range of cluster morphologies in our sample, although the sample appears to include clusters with both higher and lower gas mass for their temperature.
Discussion
Total gas mass and the M gas -T relation
We investigated the effect of choice of cluster centre on the gas mass measurements and found that for the three most disturbed systems the gas masses obtained varied by between 7 and 12% for centroiding using regions of radius 0.1, 0.3 and 0.5 ×R 500 . As the cluster dynamical state appears to be relatively independent of temperature (see Section 4.2), we do not expect this systematic uncertainty to affect our conclusions about the scaling of gas mass and temperature. As, in addition, our sample selection strategy is unbiased with respect to cluster dynamical state, the ∼ 9% scatter about the M gas -T relation we measure for this sample should be a good measure of the intrinsic scatter in the relation for the cluster population as a whole. Table 2 . Results of linear regression analysis for the M gas -T relation. γ is the slope in log-log space, C the normalisation, and σ raw and σ intrins the raw and intrinsic logarithmic scatter about the relation, respectively. The steep relation between gas mass and temperature implies a decrease in the total gas mass content of cooler clusters relative to higher mass systems, when compared with standard predictions. This is clearly connected with the excess of entropy seen at intermediate radii in cooler systems and their relatively flat outer slopes. All of these factors suggest that significant nongravitational heating is likely to have occurred, raising the gas entropy and lifting material beyond R 500 . Energetically it is most appealing if this energy injection occurred prior to cluster collapse (eg., McCarthy et al 2007) , but a single level of "preheating" is unable to explain the full range of observed properties, both as a function of cluster temperature and as a function of the variations within in a temperture band. We will explore the theoretical models that can account for the observed trends in a future paper.
Dependence of cluster structure on dynamical state
The radial gas distribution in galaxy clusters is likely to be strongly affected by the cluster dynamical state, since mergers are expected to disrupt the gas structure significantly. We used two different quantitative measures of substructure in the 2-D surface brightness distribution as means of characterising the cluster dynamical state: the power ratio method of Buote & Tsai (1995) and centre shifts (e.g. Mohr et al. 1995 , Poole et al. 2006 .
The power ratio method used here is described in more detail in Pratt et al. (2007) . Here, we make use of power ratio measurements for the entire REXCESS sample (to be discussed in a forthcoming paper), determined in an aperture of radius R 500 . We examined the dependence of cluster structure on the three lowest order power ratios of relevance for this work: P 2 /P 0 , which corresponds to a measure of ellipticity, P 3 /P 0 , which is the best measure of further substructure, and P 4 /P 0 , which also measures deviation from a relaxed dynamical state. As some of the P 3 /P 0 values are formally upper limits, we used the generalized Kendall's τ test for censored data, as implemented in the asurv package. We did not find a correlation with inner gas density slope (α <0.05 ); however, there is evidence for a correlation between P 3 /P 0 and β 0.3−0.8 , with a null hypothesis probability of ∼ 0.1% on the generalized Kendall's τ test. There is weak evidence for a correlation between P 3 /P 0 and temperature, with a null hypothesis probability of ∼ 10% on a generalized Kendall's τ test. This correlation likely arises as a result of the correlation between β and temperature, as discussion in Section 3.5. The relations between gas structure and P 3 /P 0 are shown in Fig. 9 .
Centre shifts were determined for the entire REXCESS sample. Centroids were obtained for regions of n × 0.1 × R 500 with n = 1..10 (i.e. the region with r < 0.1R 500 was not included, so that the centre shifts are not affected by the large scatter in central gas properties). The results of this analysis will be presented in more detail in a forthcoming paper; however, for the purposes of a comparison with gas structural properties we used w , defined as the standard deviation of the projected separations between the X-ray peak and centroid at each radius (e.g. Maughan et al. 2007 ) in the region between 0.1 × R 500 and R 500 . We found that the exclusion of the central region, possibly affected by a cooling core, did not significantly affect the measured w values, except in the cases where w is very small. In Fig. 9 we plot w against inner and outer gas density slopes (α <0.05 and β 0.3−0.8 ). On a Spearman rank test, we find no strong evidence for a significant correlation with α <0.05 , but find evidence for a correlation between w and β 0.3−0.8 , with a null hypothesis probabilty of 0.08% on a Spearman rank test. w is also uncorrelated with temperature. The lack of correlation with inner density slope suggests that cluster substructure and central cooling behaviour are independent. Fig. 9 . The relationship between cluster dynamical state as parametrised by power ratios and centre shifts and gas properties. Top: P 3 /P 0 , bottom: w . Left to right: inner slope of gas density (α <0.05 ), outer slope of gas density (β 0.3−0.8 ), temperature. Fig. 10 . Cooling time profiles for the cluster sample. Left: unscaled profiles in physical units; middle: unscaled gas density in units of scaled radius (corresponding to the top left panel of Fig. 1) ; right: profiles obtained from the redshift-scaled gas density profiles (corresponding to the middle left panel of Fig. 1 ).
Cooling times
Cooling time profiles were determined from the gas density and temperature profiles for each cluster, where the cooling time, t cool is defined as:
where L X (r) is the X-ray luminosity at radius r determined using the appropriate mekal model parameters at each radius in xspec. Fig. 10 shows the cooling time profiles for all 31 clusters in physical and scaled units in the radial range where the temperature profile is well constrained for each cluster. As the temperature profiles we use here are not deprojected, we compared the cooling time profiles obtained using projected and deprojected temperature profiles for the cluster with the steepest central temperature drop. We conclude that the use of projected temperatures introduces an uncertainty of at most ∼ 15% at radii less then 0.02R 500 and has negligible effects at larger radii.
The lower envelope of the cooling time profile distribution for REXCESS is in good agreement with previous work (e.g. Sanderson et al. 2006 , Bauer et al. 2005 ; however, the dis- Fig. 11 . Histograms of central gas density and central cooling time (at 0.03R 500 , the innermost radius at which both density and temperature data is available for all clusters), showing that there is no strong evidence for bimodality in their cooling properties.
Fig. 12.
Comparisons between central gas properties and dynamical state. Left: P 3 /P 0 vs. n e (0.007R 500 ) (top) and t cool (0.03R 500 ) (bottom); right: w vs. n e (0.007R 500 ) (top) and t cool (0.03R 500 ) (bottom). persion in the inner regions of this sample is higher than seen in other samples, particularly those dominated by cooling core clusters (e.g. Voigt & Fabian 2004 , Sanderson et al. 2006 , with a value of σ/ t cool = 0.85 at 0.03R 500 (as the cooling time profiles are dominated by the behaviour of the gas density profiles, the scatter as a function of radius is similar to that shown in Fig. 1 ). We find a mean slope in the region [0.2 − 0.8]R 500 of 1.4 ± 0.3, which is consistent with the results of Bauer et al. (2005) . In the region [0.05 − 0.2]R 500 the mean slope for our sample is ∼ 0.9 ± 0.3, somewhat flatter than that seen over a similar range in scaled radius by Sanderson et al. (2006) , due to the larger scatter towards higher cooling times in our sample. The Fig. 14. The gas density normalisation (at 0.3R 500 ) vs. temperature distribution for the simulated cluster sample using both the spectroscopic-like temperature (left) and the emission-weighted temperature (right). No significant correlation is seen Fig. 15 . The outer slope (β 0.3−0.8 ) vs. temperature distribution for the observed and simulated cluster samples using both the spectroscopic-like temperature (left) and the emission-weighted temperature (right) for the simulated sample. spatial resolution of our temperature profiles in the inner regions limits our ability to draw strong conclusions about the central cooling properties of this sample; however, the large dispersion in central cooling properties suggests that there are more clusters with high central cooling times in this sample compared to other studies. Nevertheless, t cool drops below the Hubble time at a radius of ∼ 50 − 200 kpc for virtually all of the clusters in the sample.
Traditionally, clusters have been divided into two classes according to their central cooling times: "cool-core" systems with short central cooling times and high central densities and "noncool-core systems" with cooling times comparable to the Hubble time. Because of their higher surface brightness, cool-core systems have tended to be over represented in previous deep observations of clusters, leading to the perception that the distribution of system cooling times is bimodal. However, as shown in Fig. 11 , the distributions of gas densities and cooling times for the REXCESS sample at the innermost radius appear to be well represented by a broad single peaked distribution, and any division of this sample based on the central cooling time would be arbitrary. We note, however, that our cooling time profiles do not extend to very small radii, and so we cannot rule out bimodality in the cooling time profiles on smaller scales. In particular there does appear to be a subset of profiles which continue to have a steep gradient in cooling time at small radii, which corresponds primarily to those profiles with t cool (0.03R 500 ) < 1 Gyr. The mean slope for profiles with inner cooling times higher than 1 Gyr is significantly flatter, with several profiles that are asymptotically flat in the central regions. Hence our data do not rule out models in which conduction can stabilize the cores of clusters with high central cooling times (e.g. Donahue et al. 2005) . As noted in Section 3.5, the distribution of inner gas density slope (α <0.05 ) also shows no strong evidence for bimodality. These conclusions are independent of the choice of radius and gas density scaling.
Finally, we investigated the connection between central gas properties and cluster dynamical state by comparing the inner cooling times and gas densities with w and P 3 /P 0 . Although it is widely anticipated that clusters with long central cooling times result from cluster mergers, recent papers have suggested that central density cusps are unlikely to be destroyed in the merger event (eg., McCarthy et al. 2004 , Borgani et al. 2004 , Poole et al., 2006 . It is therefore of considerable interest to investigate the connection between central gas properties and cluster dynamical state by comparing the inner cooling times and gas densities with w and P 3 /P 0 . Fig. 12 illustrates that correlations are present, in the sense that clusters with lower central densities, and higher central cooling times, tend to show more evidence for disturbance. However, the trend is driven by a few systems with the highest level of disturbance, and the null hypothesis that there is no correlation can only be rejected at the ∼ 85 − 97% level using the Spearman rank correlation test (for w ) or the generalized Kendall's τ test (for P 3 /P 0 ). While there is therefore weak evidence that merger activity can affect cluster central densities and cooling times, it does not appear to affect the slope of the density profile (Section 4.2) in the inner regions. Clearly these issues need to be addressed by careful comparison with cosmological simulations.
Comparison with simulations
We compared the observed gas density profiles with the simulated profiles of all clusters with kT > 2 keV from Borgani et al. (2004) , in which the SPH code GADGET-2 (Springel 2005) was used to simulate a concordance ΛCDM model (Ω M = 0.3, Ω Λ = 0.7, σ 8 = 0.8, h = 0.7) within a box of 192 h −1 Mpc on a side, using 480 3 dark matter particles and an equal number of gas particles. The simulation included radiative cooling, star formation and galactic ejecta powered by supernova feedback. Fig. 13 shows in red the 1σ dispersion of the entire sample of observed profiles as in the bottom left panel of Fig. 1 , with the simulated profiles as dashed lines. Observed profiles were scaled by ρ vir , defined as 100ρ crit,0 . The agreement is very good in the radial range [0.02 − 0.3]R 500 ; however at larger radii the observed profiles are slightly flatter than the simulated profiles. We found that the simulated profiles have a mean slope in the radial range [0.3 − 0.8]R 500 of −1.97 ± 0.25, which is consistent within the errors with our measured mean slope of −1.80 ± 0.28, but is slightly higher. For the purpose of this comparison we used the "true" R 500 values from the simulations. The small difference between the slope of the observed and simulated profiles at large radius may be due to differences in the definition of R 500 . We cannot apply our method for determining R 500 based on the observed Y X − M 500 relation directly to the simulations, because spectroscopic-like temperature measurements that exclude the central regions of the cluster are not available. The relative dispersion in the simulated profiles at 0.3R 500 is σ/ n e = 0.13, which is significantly lower than the value of ∼ 0.22 for the redshift-scaled observed profiles. Nagai et al. (2007) carried out a similar comparison of the gas distributions in simulated and observed clusters, using an observed sample consisting of the z = 0 relaxed cluster sample of Vikhlinin et al. (2006) . They found slightly better agreement in the outer regions between the Chandra profiles and their simulations that included cooling and star formation. Their slightly better agreement between observations and simulations may be a result of comparing with a sample including only relaxed clusters. Differences in the numerical treatments and implementations of cooling and star formation in the simulations may also be relevant.
We also investigated whether the temperature-dependence of gas density normalisation seen in the REXCESS clusters (see Section 3.2) is also present in the simulations. Figure 14 shows the relationship between gas density normalisation and temperature (shown for both the emission-weighted and spectroscopiclike temperatures) for the simulations. There is no significant temperature-dependence of gas density normalisation for the simulated cluster sample.
Finally we compared the outer slope with gas temperature, using both the emission-weighted temperatures within R 500 and the spectroscopic-like temperatures defined in Rasia et al. (2005) . Fig. 15 shows that the correlation between gas density slope (β 0.3−0.8 ) and temperature observed in the REXCESS sample is not present in the simulated data (on a Spearman rank test we find null hypothesis probabilities of 35% and 75% for T sl and T ew , respectively, compared with < 1% for the observed sample) -there are clearly a number of simulated clusters in the low T , steep β region of Fig. 15 , which is not populated by the observed sample. However, the temperature measurements for the simulated sample do not exclude the central region which makes it difficult to draw firm conclusions. It is also clear from Fig. 15 that the temperature distribution in the simulated sample is different to that of the observed sample, with fewer high temperature clusters.
These differences hint that the simulations may not match the true thermal history of the intracluster medium. In particular, the heat input appears too centrally concentrated so that the excess entropy seen in the lower temperature clusters at intermediate radii is not reproduced. A more detailed comparison with simulations will form part of a later paper.
Conclusions
We have presented the first detailed study of the structural properties of cluster gas in a large, representative sample of nearby galaxy clusters. As the sample was selected by X-ray luminosity, it includes clusters of all dynamical states, allowing us to investigate the effect that the inclusion of less regular systems has on results obtained with previous studies of regular clusters. We found the following results:
-The 1-D gas density profiles scale self-similarly, with a scatter ranging from ∼ 100% in the inner regions to ∼ 20% at a radius of 0.3R 500 when expected evolution with redshift is taken into account. -Gas density normalisation at 0.3R 500 is correlated with global cluster temperature, with a scaling of n e (0.3R 500 ) ∝ T 0.5 X , consistent with the expectation of modified entropytemperature scaling models. Using this scaling reduced the scatter in the gas density profiles at 0.3R 500 to ∼ 15%; however, the scatter at larger radii is slightly increased, which indicates that the entropy excess is much less significant beyond ∼ 0.5R 500 .
-The gas density slope continues to increase with radius in the region 0.5R 500 − R 500 , as found by others, which is of importance for cluster mass estimates. -The outer gas density slope is correlated with X-ray temperature, primarily due to a lack of hot clusters with flat gas distributions. The flatter slope in lower temperature systems, combined with the entropy excess at intermediate radii and the steep slope of the M gas -T relation suggests that gas has been displaced from the centres of the lower temperature systems to larger radii. -Based on a characterisation of the cluster dynamical state using power ratios and centre shifts, there is evidence of a correlation between cluster dynamical state and outer gas density slope, and no correlation with inner gas density slope. There is also evidence for a correlation between dynamical state and the central gas properties (gas density normalisation at 0.007R 500 and cooling time at 0.03R 500 ). -There is no evidence for bimodality in the central gas density, gas density slope or cooling times for this sample, suggesting that X-ray clusters form a single population with a continuous distribution of central gas properties. -The gas-mass temperature relation for the REXCESS sample is in good agreement with predictions of self-similar scaling modified by the presence of an entropy excess, and with previous work on samples of regular clusters; however, the intrinsic scatter is a factor of ∼ 2.5 times higher than for the relaxed cluster population. -The scaling properties of the gas density profiles appear to be in broad agreement with those of simulated cluster samples (Borgani et al. 2004 ) at intermediate radius, with a slightly flatter slope in the outer regions. However, in contrast to the observational data there is no correlation between gas density normalisation and temperature in the simulated sample, or between the outer slope and temperature. These discrepancies suggest that the non-gravitational heating of the intracluster medium may be too centrally concentrated in these models.
